H HSQC-TOCSY spectra of a cell lysate from E. coli, which yields a substantial improvement over other databases, as well as 1D NMR-based approaches, in the number of compounds that can be correctly identified with high confidence.
1
H and 13 C chemical shift information on individual spin systems and isomeric states of common metabolites. Since this information directly corresponds to cross sections of 2D 1 H− 1 H TOCSY and 2D 13 C− 1 H HSQC-TOCSY spectra, it allows the straightforward and unambiguous identification of metabolites of complex metabolic mixtures at 13 C natural abundance from these types of experiments. The 1 H( 13 C)-TOCCATA database, which is complementary to the previously introduced TOCCATA database for the analysis of uniformly 13 C-labeled compounds, currently contains 455 metabolites, and it can be used through a publicly accessible web portal. We demonstrate its performance by applying it to 2D 1 H− 1 H TOCSY and 2D 13 C− 1 H HSQC-TOCSY spectra of a cell lysate from E. coli, which yields a substantial improvement over other databases, as well as 1D NMR-based approaches, in the number of compounds that can be correctly identified with high confidence.
O ver the past decade, NMR spectroscopy has become one of two main analytical techniques for metabolomics studies in the absence of extensive compound extraction and physical separation. 1, 2 The high-resolution information offered by NMR is the key for the identification and quantification of metabolites, which is the primary goal of most metabolomics studies. 3 The retrieval of such information from one-dimensional (1D) NMR spectra of complex real-life mixtures can be very challenging because of the high frequency of overlapping resonances that belong to different compounds. 4 Moreover, the lack of connectivity information on spins belonging to the same compound limits the combined use of multiple resonances as unique compound fingerprints. 5 The availability of such connectivity information provides significant advantages for the identification and quantification of metabolites. 6, 7 Specifically, simultaneous searching of multiple peaks of a metabolite against a NMR database substantially improves the uniqueness and accuracy of the hits. 8 For uncatalogued metabolites, connectivities provide information about chemical bonds and an opportunity for de novo elucidation of the backbone topology and the structure of metabolites. 9 Once the connectivities are known, the accuracy of metabolite quantitation can be enhanced through coanalysis of multiple peaks of a given metabolite. 10, 11 Finally, connectivities can be used effectively for the deconvolution of complex mixtures using multidimensional NMR experiments. 12 Although the use of multidimensional NMR experiments requires longer measurement times, it can overcome many of the limitations of 1D NMR. 13 In a 2D NMR spectrum, crosspeaks belonging to spins whose resonances overlap in a 1D NMR spectrum are spread out along the indirect dimension thereby reducing the likelihood of peak overlap. A 2D 13 C− 1 H HSQC spectrum, 14 for example, provides excellent spectral dispersion along the indirect 13 C dimension and allows the separation of many of the peaks that overlap in a 1D 1 H NMR spectrum. Several NMR metabolomics databases and queries permit identification of peaks of 2D 13 C− 1 H HSQC spectra. 15−18 They all accept a list of the cross-peaks observed in the 2D 13 C− 1 H HSQC spectrum of the mixture and perform a cross-peak by cross-peak match against the database entries. Although the introduction of the indirect 13 C dimension increases the resolution in this approach, the lack of connectivity information between different 1 H, 13 C pairs belonging to the same molecule can cause ambiguities for peak annotation and metabolite identification analogous to 1D NMR.
Connectivity information between different resonances of a molecule is available in TOCSY spectra collected at long mixing times. 19 Since TOCSY traces only correlate resonances with each other that belong to the same spin system, for molecules that have multiple spin systems or exist in multiple slowly interconverting isomeric forms, these traces represent only part of the entire 1D NMR spectrum. Therefore, their query against a NMR database consisting of entire 1D NMR spectra of metabolites leads to imperfect matches, carrying the risk of false interpretations. 20 Because public NMR databases so far do not sort spins into individual spin systems or multiple slowly exchanging isomers for separate queries, we recently introduced a customized metabolite database, termed TOCCATA. 20 This database is specifically geared toward the query of 13 C TOCSY traces extracted from TOCSY experiments that directly employ magnetization transfer between 13 C spins without the involvement of their attached protons. These experiments are 13 C− 13 C CT-TOCSY, 21 13 C− 13 C TOCSY, 19 and even 13 C− 13 C COSY 22 after the user has established complete chemical shift lists of each spin system from a "COSY-walk" along directly coupled 13 C spins. TOCCATA uses 13 C chemical shift information for the reliable identification of metabolites, their isomeric states and spin systems. For a fully 13 C labeled E. coli cell extract, querying with TOCCATA provided more than 30% improvement in matching accuracy over existing 1D 13 C NMR web servers. 20 TOCCATA can be generally used for metabolomics analysis of uniformly 13 C labeled organisms such as bacteria, yeast, C. elegans, and plants. For more complex organisms, including humans, for which 13 13 C− 13 C CT-TOCSY, the TOCSY magnetization is mediated by the 13 C spins. This leads to distinct spectral differences for metabolites with nonprotonated carbons. Nonprotonated carbons are not displayed in 13 C− 1 H HSQC-TOCSY spectra, but they appear in 2D 13 C− 13 C CT-TOCSY spectra. 9 Furthermore, a nonprotonated carbon may break up a molecule into two separate 13 C traces in 13 C− 1 H HSQC-TOCSY spectra, but not in 2D 13 C− 13 C CT-TOCSY spectra. Hence, 1D 13 C HSQC-TOCSY traces from 2D 13 C− 1 H HSQC-TOCSY spectra cannot always be identified using our previous 13 C-TOCCATA database 20 with optimal accuracy, which explains the need to include 13 C-TOCCATA databases for the analysis of 2D 13 C− 1 H HSQC-TOCSY spectra is provided in the section "Application of 1 H( 13 C)-TOCCATA to E. coli Cell Lysate" (see below).
In our previous 13 C-TOCCATA work, we used the fact that 1 J( 13 C− 13 C) couplings are generally much larger than 2 J( 13 C− 13 C) and 3 J( 13 C− 13 C) couplings. Therefore, we divided a molecule into two (or more) spin systems when two carbons are separated by at least one noncarbon atom. 20 For protons, this step requires modification, because neighboring protons that are still part of the same spin system are at least by two and three bonds apart. Hence, the spin system definition for protons is based on a contiguous spin network of 2 J( The new web server shares many of its querying features with the 13 C-TOCCATA database. For instance, it allows users to specify the spectral range on which the database query should be performed by entering the most downfield and most upfield frequencies in parts per million (ppm). This feature can be used to eliminate potential mismatches arising from far off-resonance nuclei not detected in the TOCSY or HSQC-TOCSY experiment, but which are present in the database. Ideally, the number of query peaks is identical to the number of resonances of the best matching spin system. However, this is not always the case, because, e.g., a peak was missing in the query trace or because two multiplet components of the same resonance were assigned to two different chemical shifts. To facilitate the analysis of mismatches, the web server allows the user to specify a maximally tolerable mismatch M max , which is the absolute value of the difference between the number of query peaks and the number of resonances of the spin system in the database. If the user is confident that all query peaks were correctly identified, then a mismatch parameter M max = 0 should be entered (default value). The origin of a mismatch larger than zero should always be traced back in the original spectrum to prevent false identifications.
An important prerequisite for the querying of NMR chemical shifts is that they are properly referenced. Ideally, the chemical shifts are referenced against standard compounds, such as 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) or tetramethylsilane (TMS). In the case that no standard was used, the web server permits the user to enter a chemical shift offset value ("Reference correction," default 0.00 ppm) in order to reference a spectrum by uniformly increasing or decreasing the chemical shifts of all metabolite signals in the spectrum by the entered chemical shift offset. To find the minimum rootmean-square deviation (RMSD) for every metabolite, the matching algorithm performs an automated alignment with a tolerance of ±0.2 ppm for 1 H and ±0.6 ppm for 13 C before applying a weighted matching algorithm 25 to find the best matching peak pairs from the query list and the database. Finally, the average chemical shift RMSD between input and database peak pairs is computed and used as a criterion for the identification of the best match, which will be then be returned to the user.
In our experience, the database query is most accurate when M max = 0 and RMSD < 0.02 ppm for 1 H and <0.2 ppm for 13 C (default values). If none of the database entries satisfies the above criteria, the query returns "no match." When multiple matches are returned, they are rank-ordered according to 1 H NMR spectral matching at the example of E. coli cell lysate using the Chenomx NMR software. Overlay of 1D 1 H NMR spectra of metabolites from the Chenomx database (blue) on 1D 1 H NMR spectrum of E. coli cell lysate (black). Putrescine (A) and alanine (B) possess at least one (partially) isolated peak in the lysate spectrum that matches a peak in the corresponding database spectrum. On the other hand, each of the peaks of lysine (C) and uridine (D) overlap with other peaks in the lysate spectrum, which makes their unambiguous identification impossible.
increasing RMSDs. Concise information about the number of isomeric states and spin systems of a compound is displayed for the top four returns.
Limitation of 1D 1 H NMR Approaches for Metabolite Identification in E. coli. The standard 1D
1 H NMR approach for metabolite identification relies on overlaying a 1D 1 H NMR spectra of pure metabolites one by one with the experimental 1D 1 H NMR mixture spectrum, which is implemented, for example, in the Chenomx NMR Suite software (Edmonton, AB, Canada), which is one of the most commonly used 1 H NMR spectra from the BMRB database. A list with all 41 metabolites used for reconstruction in both panels is given in Table 1. commercial software packages in the field. We acquired a 1D 1 H NMR spectrum of E. coli cell lysate and tested the 1D 1 H NMR approach by using the Chenomx software, which resulted in the observation of NMR peaks of 19 metabolites (Table S-2) . However, for the majority of these metabolites, the identification was ambiguous, because of the strong peak overlaps in the 1D (Table  S-2 ). The other 6 metabolites each possess a single 1 H resonance, and single peak matching does not provide very high confidence unless the chemical shift position is unique such as is the case for fumarate. Overall, 19 metabolites represent only a small subset of the total number of metabolites in this same sample that could be unambiguously identified. Another problem we observed was the occurrence of numerous false positive identifications, which is consistent with observations reported by others.
8 Figure 1 and Supporting Information Figure S Figure 2B shows the TOCSY spectrum reconstructed from entire 1D 1 H NMR spectra. Since the 1D 1 H NMR spectra do not discriminate between different spin systems or isomeric states, the reconstructed spectrum generates cross-peaks between all peaks of a metabolite, which leads to a large number of false positive cross-peaks ( Figure 2B) 13 C)-TOCCATA database (using a 0.02 ppm RMSD cutoff and M max = 0) independently of the querying of the 13 C chemical shift list (using a 0.2 ppm RMSD cutoff and M max = 0). Figures 3 and S-6 each represent a screenshot of the query result of the web server of one of these trace pairs using the new database. In Figure 3 , querying of the peak list of a 1 H HSQC-TOCSY trace (row) extracted from a 2D HSQC-TOCSY spectrum results in a single hit, corresponding to the ribose ring of inosine. When on the same web page, the box for " 13 C HSQC-TOCSY Query" is selected, the default values for the "Spectral Range (ppm)" and "Chemical Shift RMSD Cutoff" are automatically updated for 13 C nuclei, and the 13 C chemical shifts extracted from the 13 C HSQC-TOCSY (column) trace of the pair is entered. In Figure  S -6, the query for the corresponding 13 C peak list yields a single hit, which is also the ribose ring of inosine. Therefore, both traces independently identify inosine as the compound belonging to this pair of HSQC-TOCSY traces. The query results of all such pairs are compiled in Table 2 . Overall, 23 13 C HSQC-TOCSY traces are identified as a single, correct hit. For the remaining traces, the querying of 11 13 C HSQC-TOCSY traces yield the correct metabolite as the top hit (from an average of 2.9 hits). For the remaining 4 13 C HSQC-TOCSY traces, ambiguities among the top hits could be resolved after querying the corresponding 1 H HSQC-TOCSY chemical shifts whereby the correct hit turned out to always be the top one (Table S- It allowed the identification of 20 HSQC-TOCSY peak lists correctly as first hits (with the "H_tol" and "C_tol" parameters set to 0.05 ppm and 0.2 ppm, respectively). Finally, 38 13 C HSQC-TOCSY traces were queried against our original 13 C-TOCCATA database 20 developed for uniformly 13 C-labeled metabolites. Not surprisingly, those cell lysate metabolites that possess nonprotonated carbons, namely tyrosine, phenylalanine, nicotinic acid, phosphoenolpyruvate, and nucleic acid portions of thymidine, cytidine, dTMP, and uridine could not be identified in the 13 C-TOCCATA database when using a mismatch parameter M max = 0. Therefore, the querying of 13 C HSQC-TOCSY traces from 2D 13 C− 1 H HSQC-TOCSY is best performed with the 1 H( 13 C)-TOCCA-TA database, while querying of 13 C TOCSY traces from 13 C− 13 C CT-TOCSY is optimal when using the 13 C-TOCCATA database. Clabeled samples is best performed with the new database 1 H( 13 C)-TOCCATA, whereas for the analysis of the 13 C− 13 C CT-TOCSY spectrum of 13 C labeled samples the original 13 C-TOCCATA database is best suited.
In this study, 21 metabolites were identified in both 13 C−
